ABSTRACT WIEBERS, JOYCE L. (Purdue University, West Lafayette, Ind.), AND HAROLD R. GARNER. Use of S-methyleysteine and eystathionine by methionineless Neurospora mutants. J. Bacteriol. 88:1798Bacteriol. 88: -1804Bacteriol. 88: . 1964.-Radioactive methionine was found in hydrolysates of various strains of Neurospora crassa when either S-methyleysteine (SMC)-C14H3 or SMC-S35 is the sole addition to minimal medium. Isotope product-precursor specific activity ratios are very similar for the two sources of label. Wild-type and methionineless mutants use sulfur from SMC in the biosynthesis of methionine, but not of eysteine, when grown in regular medium. With a medium nearly free from sulfate, SMC served as a source of sulfur for both cysteine and methionine. Suppressed methionineless mutants incorporated sulfur from SMC into cellular eysteine even in the presence of normal amounts of sulfate. S\IC as a possible metabolic precursor of methionine was compared to cystathionine in an experiment with wild-type Neurospora. The four sources of label used were: SMC-C14H3 SMC-S35, eystathionine-U-C14, and cystathionine-S35. In each flask, the organism was offered one of the labeled compounds plus an equivalent amount of the other compound without label. The amount of each compound was sufficient for either to supply its contribution to all of the cellular methionine, if it were successful in competing with endogenous sources. To avoid adaptive breakdown of substrates, the compounds were added continuously at a rate consistent with the amount of growth present. The ratio of specific activity of cellular methionine to precursor was determined for each labeled compound. The results show that SMC sulfur and methyl carbon are used equally well. Cystathionine carbon and sulfur appear to be equally utilized also. A preference for cystathionine is indicated.
Previously, we reported that the obligatory precursor role of cystathionine in methionine biosynthesis by Neurospora was not substantiated by isotopic tracer studies (Wliebers and Garner, 1960) . Figure IA indicates the classical pathway for methionine formation by Neurospora via condensation of cysteine and homoserine to form the intermediate cystathionine which is cleaved to homocysteine, and which is subsequently methylated to form methionine. If this is a major biosynthetic route, one would expect that the four-carbon chain with attached sulfur from radioactive cystathionine would be incorporated into cellular methionine by a cystathionineless mutant. A tracer experiment of this nature revealed that exogenous cystathionine serves as a major source of sulfur but not of the four-carbon skeleton of methionine. Alternatively, one may consider Fig. IB , involving the direct formation of homocysteine from homoserine and sulfate, or Fig. 1C , first suggested by Ragland and Liverman (1956) , which is a transthiomethylation of the thiomethyl gr'oup of S-methylcysteine (SMC) to homoserine to yield methionine. Ragland and Liverman (1956) reported the occurrence of SMC in extracts of Neurospora and demonstrated that SMC will serve as a sole sulfur source for certain strains. Roberts et al. (1955) reported that SMC is as effective a competitor in reducing the incorporation of S35 from Na2S3504 as cystathionine in Neurospora. Mlaw (1961) reported the ability of SMC to annul the inhibition of yeast growth by L-ethionine and by S-ethyl-L-cysteine. He suggested that SMC may abolish the ethionine effect by acting as a precursor of methionine via a pathway which excludes cysteine. The idea of a pathway from SI\IC to methionine not involving cysteine is also suggested by the work of Wolff, Black, and Downey (1956) 
and L-cystathionine-S35 were prepared as described previously (Wiebers and Garner, 1960 Determination of protein methionine for specific activity values. In tracer experiments, radioactive methionine was isolated from hydrolyzed mycelia by band chromatography in butanol-acetic acidwater (2: 1: 1). Autoradiograms revealed the radioactive methionine band which was cut from the chromatogram, eluted with water, converted to the sulfoxide derivative with 30% H202, and rechromatographed. The radioactive methionine sulfoxide band (free from compounds which commonly contaminate the methionine band, because the RF of methionine sulfoxide is widely separate from that of methionine) was cut out and eluted with water. Samples of this material were counted in a windowless gas-flow counter, and analyzed for the amount of methionine sulfoxide by the method of Moore and Stein (1954) . For some experiments, when enough material was available, methionine was determined by the method of Csonka and Denton (1946) .
Degradation of labeled methionine. A micromodification of the method of Simmonds et al. (1943) , in which methyl groups are liberated from methionine and trapped as tetramethylammonium iodide, was used to determine radioactivity in the methyl moiety of protein methionine in Neurospora from tracer experiments. Approximately 100 mg of cells, dried and exhaustively extracted as described above, were added to a 100-ml reaction flask with 10 ml of hydriodic acid (55%) and refluxed for 3 hr. At the end of the degradation, the traps were removed from Dry Iee, 5 ml of 5% alcoholic trimethylamine were added, and the mixture was allowed to come to room temperature slowly. Samples were transferred to planchets, dried with a gentle stream of air, and counted in a windowless gasflow counter. Known methionine-C'4H3 yielded 92% by this method. For specific activity values, the amount of methionine from an equivalent quantity of cells was determined by the method of McCarthy and Paille (1959) .
Determination of methionine-cystine radioactivity ratios. Hydrolyzed samples of cells were band chromatographed in two solvent systems. Radioactive areas were located on the chromatogram strips by scanning with a Forro chromatogram scanner connected to an Esterline-Angus recorder through a Tracerlab ratemeter. After scanning, duplicate strips were sprayed with either ninhydrin or chloroplatinic acid. Peaks corresponding to known methionine and cystine were cut out of the recording and weighed; the ratio of the weights of the peaks represented the radioactivity ratio of the two compounds.
RESULTS
Incorporation of the sulfur and methyl moieties of SMC into protein methionine. When either SMC-C'4H3 or SMC-S35 was the sole addition to minimal medium, radioactive cellular methionine was found in hydrolysates of wild-type and methionineless mutants. Proof of the conversion of at least parts of labeled SMC to protein methionine was afforded by isolation from hydrolysates of cells of a radioactive compound which had an RF identical to that of methionine on two-dimensional chromatograms. Subsequent oxidation to the sulfoxide derivative yielded a compound with an RF identical to methionine sulfoxide in three solvent systems. Additional confirmation was obtained by the degradation of protein methionine from cells of a cystathionineless mutant, 36104a, which received SMC-C'4H3 as the only supplement to minimal medium. Methyl groups liberated from cellular methionine were determined. Table 1 indicates the results of this degradation. It may be observed from the product-precursor specific activity ratio that methionine methyl is labeled from SMC-Cl4H3.
If cystathionine was added along with methyllabeled SMC in the growth medium, the ratio was decreased by about half. When MgCI2 was substituted for MgSO4 in the minimal medium, the product-precursor specific activity ratios weere diminished.
Sulfate inhibition of SJ1C-S35 and S.M1C-C'4H3 for both methionine and eysteine regardless of sulfate content in the medium.
Isotopic competition between sulfate and cystathionine or SMC. Amounts of cystathionine or SMC, which would be expected to contribute all of the sulfur needed for synthesis of 1 ,mole of methionine at 65 hr of growth of wild-type, were added to Na2S3504 in Fries medium with three levels of sulfate in the medium. Cells were harvested at 65 hr, extracted, and hydrolyzed. Radioactive methionine and eysteine were isolated from the hydrolysates by repeated chromatography, located by autoradiography, and then eluted and counted as described in Materials and Methods. The protein methioninecysteine radioactivity ratio was determined for each growth condition (Table 4 ). The only significant increase in the methionine-eysteine ratio was found when SMC was used in "low sulfur" medium. Cystathionine did not exhibit a similar phenomenon. It appears that neither SMC nor eystathionine is an effective competitor with sulfate in the medium for contribution to methionine sulfur, unless sulfate is limiting in which case SMC, but not cystathionine, can contribute to scme extent.
Utilization of SMC-C14H3, Si1IC-S35, cystathionine-U-C'4, and cystathionine-S35 by wild-type under "steady state" conditions. This experiment was designed to avoid adaptive breakdown of substrates which may occur when excessive amounts of substrate are present in the medium at the time flasks are inoculated. It was thought that if the radioactive substrates could be added continuously at a rate consistent with the amount of growth present at a given time, a more accurate estimation of the actual utilization of the substrates would be possible. Thus, a device (Fig. 2) which allows the continuous sterile addition of substrate to flasks of growing Neurospora was used (details of the construction and use of this device will be published). Wild-type was selected, because amounts of SAIC and cystathionine could be offered at a low level that would be sufficient to supply all the precursors to cellular methionine, if they could compete with endogenous sources. The amount of substrate to be added was controlled by a programmed tape (Fig. 3) , the program of which was predetermined based on the typical growth curve of wild-type. In this manner, SMC-C14H3, SMC-S35, cystathionine-U-C14, and eystathionine-S35 were offered to wild type. The experiment was designed so that the organism was offered one of the labeled compounds alone and, in another flask, the labeled compound plus an equivalent amount of the other compound without label. The cells were harvested at 65 hr, extracted, and hydrolyzed. Radioactive methionine from cellular protein was isolated, its specific activity was determined, and the product-precursor specific activity ratios were calculated. It may be observed from the ratios (Table 5) that the SMC sulfur and methyl moieties were used equally well, suggesting that in this situa-TABLE 4. Na2S3504 isotopic comlpetition with S-methylcysteine and cystathionine tion the intact thiomethyl group may be converted to methionine. The ratios for eystathionine sulfur were approximately ten times those for SMC, indicating a preference for cystathionine under these conditions. DIscussIoN In the study of metabolic pathways by use of isotopic tracer techniques and mutant organisms, the purpose of determining product-precursor specific activity ratios is to quantitatively evaluate the significance of the postulated intermediates in the metabolic route. An analysis of the data in this investigation leads us to believe that neither SMC nor cystathionine are intermediates of major importance in methionine biosynthesis in Neurospora growing under the specified conditions. A product-precursor specific activity ratio of 1.0 was achieved only under altered growth conditions-i.e., when "sulfur-free" medium was used and SMC was able to contribute significantly. When conditions were set up so that radioactive SMC or cystathionine were added in small increments at a rate consistent with the growth rate of wild-type Neurospora, the product-precursor specific activity ratios were of such low magnitude that (Mondovi, Scioscia-Santoro, and Cavallini, 1963 WIEBERS AND) GARNERB of the l)robability of the direct forimation of homocysteine from a four-carbon donor and sulfate (Fig. I B) seems to be in order. W=e recently (Wiebers and Garner, 1963) demonstirated the isolation of an enzyme from N. crassa which is capable of forming homocysteine from homoserine and H2S (and cysteine from serine and H2S).
This finding suggests that the homocysteine that is utilizedI for methionine formation arises in this anabolic fashion, and is distinct from the homocysteine derived from the degradative cleavage of cystathionine oi-methionine. Subsequent methylation of the homocysteine does not appear to present a problem, as it has been shown that resting cells and cell-free extracts of N. crassa can synthesize methionine from homocysteine and formate or other Cl donors (Dalal, Rege, and Sreenivasan, 1961) . W=e are currently investigating the validity of this hypothesis of methionine biosynthesis. We propose that SMC and cystathionine contribute to sulfur metabolism in general as alternative sources of reduced sulfur, or function as regulatory compounds.
